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87 Rb atoms propagating freely in a magnetic guide are detected with an efficiency of up to 66% and a signal to noise ratio in excess of 100 is obtained for short integration times. In an ideal background free fluorescence detector a single detected photon indicates the presence of atoms in the detection region. Moderate backgrounds can be tolerated if the atom remains localized, allowing to collect many fluorescence photons [1, 2, 3] . Detection of moving particles with finite interaction time with the detector requires supreme background suppression to reach high detection efficiencies [4] . Cavities can be used to enhance the fluorescence or absorption signal [5, 6, 7, 8, 9, 10, 11] but these detection schemes require active stabilization, increasing the complexity of the setup.
Our approach differs. We present here an integrated fluorescence detector which reaches high single atom detection efficiency without the need for either localization of the atoms or assistance of a cavity.
The detector consist of a single-mode tapered lensed excitation fiber and a multimode detection fiber ( Fig.1(d) ). The excitation fiber delivers resonant probe light to a focal spot of 5 µm diameter 62.5 µm above the wire defining the atom guide. The collection fiber (NA 0.275) collects 1.9% of the fluorescence photons and guides them via a feed-through [12] out of the vacuum chamber. To eliminate background light and to protect the photon counter, the light passes through an interference filter before being directed to the single photon counting module (SPCM) for a total photon detection efficiency of 0.9% (calculated from known loss channels and detector efficiencies). The fibers are arranged at 45
• to the guide and orthogonal to one another. In the absence of atoms, less than 10 −8 of the excitation light is scattered into the collection fiber, typically less than 10 photons per second in total. Due to the highly selective excitation and a matched collection region a total background of only 311 counts per second (cps) is reached, dominated by the SPCM dark count rate of 245 cps. * Corresponding author: hessmo@atomchip.org The detector is integrated on an atom chip [13] by mounting the fibers in lithographically defined trenches. These structures are fabricated from SU-8, an epoxy based photoresist which allows the production of thick structures with very smooth sidewalls [14, 15] . The SU-8 fabrication is fully compatible with our atom chip production process [13] . With a trench height of 90 µm and slightly undercut walls the fibers (125 µm diameter) are clamped down onto the chip (Fig.1(c) ). The trenches al- The ratio variance over mean shows that for the first 50 ms, where no atoms are present, the collected background follows Poissonian statistics. As soon as the atoms arrive Var(n)/ n exhibits a superpoissonian value of 1+α. Even though α remains constant the ratio decreases with atomic density as background becomes more important. The red line gives a fit according to Eq.1 over more than two orders of magnitude in atomic density. The initial overshoot is an artifact caused by the extreme slope around peak intensities due to the employed integration time. (c) Signal strength α as function of arrival time illustrating that α is independent of atom density (integration time 50 µs).
low accurate and stable passive alignment of the fibers with a precision of a few ten nanometres. Temperature changes and gradients up to 100
• C resulted in no measurable misalignment of the fibers. Long term stability under experimental conditions of more than one year has been observed.
In our experiment we first load neutral 87 Rb atoms into a magneto-optic trap (MOT). Once the MOT is saturated with atoms the trap is shifted close to the atom chip and the atoms are transferred into a magnetic trap generated by a Z-shaped wire on the atom chip (see Fig.1(a) and (b)) [16, 17] . From the trap the atoms are transferred into a magnetic guide generated by a L-shaped wire in which the atoms expand towards the detection region according to their temperature (≈ 40µK for the data presented here). The current through this wire is adjusted to overlap the minimum of the guide potential with the focal spot where the atoms are excited.
One striking observation from measurements with this detector is that stray light effects on the guided atoms can be neglected. This is quite remarkable, because magnetic traps and guides are extremely sensitive to the presence of light close to resonance with the atomic transition. Scattering of a little more than a single photon is sufficient to pump the atom into a magnetically untrapped state, expelling it from the magnetic guide.
The atoms passing the detector creates a fluorescence signal shown in Fig.2(a) from which the atom density can be inferred if the number of counts per atom (cpa) α is known. α can be determined from the photon statistics. A coherent light source of constant mean photon number n would create a Poisson distributed photon stream with variance equal to n and hence Var(n)/ n = 1. Because the atom number fluctuates according to a distribution p at (m) Mandel's formula [18] has to be used to calculate the ratio of variance to mean to
where a Poissonian background noise source with mean intensity bg is included. Fig.2(b) shows the measured ratio Var(n)/ n for a thermal atomic ensemble which follows a Poissonian distribution p(m). In the absence of atoms only a Poissonian background is measured. As soon as the atoms arrive at the detector the noise increases to Var(n)/ n = 1+α. From these measurements the signal strength can be determined to α = 1.08 cpa for an integration time of t int = 300 µs, independent of atomic density (see Fig.2(c) ). The single atom detection efficiency is given by η at = 1 − exp (−α), where exp (−α) is the probability of detecting zero photons when an atom is present in the Table 1 . Single atom detection efficiency as function of the integration time for the current system, η ph = 0.9%. Numbers in brackets denote the projected values for an improved system with a fiber of NA 0.53 η ph = 3.8% and low noise photon detector.
detection region. The detection efficiency reaches 66% for 300 µs integration time. Background counts during this time lead to a false positive detection probability of p f = 9%. Fig.3(a) shows the signal strength α as a function of the integration time, t int . At the same time, the mean number of background counts bg is a linear function of t int . For most applications it is therefore desirable to work at shorter integration times leading to high signal to noise ratios (SNR) (see Fig.3(b) ). Defining SNR = α(t int )/ bg(t int ) an SNR = 100 is reached at t int = 25 µs (η at = 55%). At t int = 45 µs the atom detection efficiency is η at = 60% with only p f = 1.4% false detection probability (Tab.1). The capability of detecting single atoms was independently verified by observing near-perfect anti-bunching of the photons with
The total number of photons scattered by the atoms before leaving the detection region can be independently obtained by measuring the ratio of fluorescence counts generated by illumination on the F=2→F'=1 and the F=2→F'=3 transitions. On the F=2→F'=1 transition an atom scatters slightly more than one photon before being optically pumped into the other hyperfine ground state. This ratio indicates that each atom scatters ∼ 120 photons on the employed cyclic F=2→F'=3 transition before it leaves the detector. This confirms the above given photon detection efficiency of η ph = 0.9%. In addition the value of α was confirmed by independent global atom number measurements using standard absorption imaging.
The efficiency of the detector is limited by the NA of the collection fiber, while the SNR is limited by the background. Exchanging the employed photon detector (Perkin-Elmer SPCM-AQR-12-FC) by a low noise model with a dark count rate < 25 cps a total background of 55 cps can be achieved. Here SNR = 100 would be reached already for t int = 175 µs with η at = 65% and p f = 1%. Exchanging the collection fiber by a commercially available fiber of NA = 0.53 up to α = 4.5 is expected and η at ≈ 95% could be reached for t int = 20 µs. Two detection fibres with NA = 0.53 a single atom detection efficiency beyond 99% for t int = 20 µs seems feasible. Such a system would reach α = 9. This allows true atom counting by transient count rate analysis [4] .
